Because macrolide antibiotics are hypothesized to possess immunomodulatory activity independent of their antimicrobial activity, we evaluated the immunomodulatory effect of clarithromycin in a murine model of lung inflammation induced by either live or UV-killed Mycoplasma pneumoniae. BALB/c mice were intranasally inoculated once with live or UV-killed M. pneumoniae. Clarithromycin (25 mg/kg of body weight) or placebo was subcutaneously administered once daily in both groups of mice. In mice infected with live M. pneumoniae, clarithromycin treatment significantly reduced quantitative M. pneumoniae bronchoalveolar lavage (BAL) culture, pulmonary histopathologic scores (HPS), and airway resistance-obstruction (as measured by plethysmography) compared with placebo. Concentrations of tumor necrosis factor alpha, gamma interferon, interleukin-6 (IL-6), mouse KC (functional IL-8), JE/MCP-1, and MIP-1␣ in BAL fluid were also significantly decreased in mice infected with live M. pneumoniae given clarithromycin. In contrast, mice inoculated with UVkilled M. pneumoniae had no significant reduction in HPS, airway resistance-obstruction, or BAL cytokine or chemokine concentrations in response to clarithromycin administration. Clarithromycin therapy demonstrated beneficial effects (microbiologic, histologic, respiratory, and immunologic) on pneumonia in the mice infected with live M. pneumoniae; this was not observed in the mice inoculated with UV-killed M. pneumoniae.
While the antimicrobial activity of macrolides is well established and routinely utilized in clinical practice for the treatment of various infectious diseases, macrolides are also hypothesized to have immunomodulatory activity independent of their known antimicrobial properties (9, 14) . In particular, macrolides have proven to speculative roles in the management of certain chronic respiratory tract diseases, such as diffuse panbronchiolitis, asthma, chronic obstructive pulmonary disease, and sinusitis, with immunomodulation being the proposed mechanism of action for the decrease in inflammation observed with macrolide therapy (11, 13, 14 ; C. M. MacLeod, C. Tremblay, and W. Brisco, 3rd Eur. Cong. Chemother., abstr. T243, 2000) . An alternative hypothesis is that macrolide antibiotics are treating an unappreciated chronic infection of the respiratory tract with a resultant decrease in inflammation due to this antimicrobial effect (7, 10) .
Our laboratory previously developed a murine model of Mycoplasma pneumoniae pneumonia characterized by marked pulmonary inflammation. In addition to infection with live M. pneumoniae, inoculation with UV light-killed M. pneumoniae also induced significant pulmonary inflammation, although to a lesser degree. In both of these models, the inflammatory response is manifested by abnormal pulmonary histopathology and elevated concentrations of cytokines and chemokines in bronchoalveolar lavage (BAL) specimens (8) .
The purpose of this study was to characterize the antimicrobial and immunologic activities of clarithromycin using these two models of pulmonary inflammation. Mice were inoculated with live M. pneumoniae to determine the effect of clarithromycin on infection-induced pulmonary inflammation or with UV-killed M. pneumoniae to assess the effect of clarithromycin on pulmonary inflammation independent of its antimicrobial activity.
MATERIALS AND METHODS
Organism and growth conditions. M. pneumoniae (ATCC 29342) was reconstituted in SP4 broth and subcultured after growth for 24 to 48 h in a flask containing 20 ml of SP4 medium at 37°C. When the broth turned an orange hue (approximately 72 h), the supernatant was decanted, and 2 ml of fresh SP4 broth was added to the flask. A cell scraper was used to harvest the adherent mycoplasmas from the bottom of the flask. This achieved an M. pneumoniae concentration in the range of 10 8 to 10 9 CFU/ml. Aliquots were stored at Ϫ80°C. An aliquot of inoculum material was exposed to UV radiation (UV Cross-linker; Fisher Biotech) to obtain dead M. pneumoniae for intranasal inoculation of mice. UV-irradiated M. pneumoniae inoculum was cultured in SP4 broth to confirm its nonviable status. All SP4 media contained nystatin (50 U/ml) and ampicillin (1.0 mg/ml) to inhibit growth of potential contaminants.
Animals and inoculation. Mice were obtained from commercial vendors (Charles River and Harlan), who confirmed their mycoplasma-and murine virus-free status. The Animal Resource Center at the University of Texas Southwestern Medical Center performed quarterly health surveillance on sentinel mice housed in the mouse storage room. Sentinel mice were examined for antibodies against mouse hepatitis virus, Sendai virus, pneumonia virus of mice, reo-3 virus, mouse encephalitis virus (GD-7), mouse rotavirus (EDIM), minute virus of mice, and Mycoplasma pulmonis. Sentinel mice were also screened for pinworm and mites. The sentinel mice tested negative for these pathogens. Mice were housed in filter-top cages and allowed to acclimate to their new environment for 1 week. Methoxyflurane, an inhaled anesthetic, was used for inoculum sedation. Two-month-old female BALB/c mice were intranasally inoculated once (day 0) with 0.7 ϫ 10 7 to 4.4 ϫ 10 7 CFU of live or UV-killed M. pneumoniae in 50 l of SP4 broth. Directly comparable treatment groups were given inoculum from the same batch. Control mice were inoculated with sterile SP4 broth. All mice were housed in the same animal room and received identical daily care. Animal guidelines were followed in accordance with the Institutional Animal Care and Research Advisory Committee.
Clarithromycin administration. Clarithromycin (25 mg/kg of body weight) was administered subcutaneously once daily according to the following protocols.
(i) Protocol 1. Clarithromycin was administered for 4 days, beginning 12 h after inoculation of either live or UV-killed M. pneumoniae. For this protocol, the intravenous formulation of clarithromycin reconstituted in sterile water with 5% dextrose was used.
(ii) Protocol 2. Clarithromycin was administered for 13 days, beginning 1 day after inoculation with live M. pneumoniae. For this protocol, clarithromycin powder solubilized in ethanol and water with 5% dextrose was used.
(iii) Protocol 3. Clarithromycin was administered for 7 days, beginning 1 day after inoculation with UV-killed M. pneumoniae. For this protocol, clarithromycin powder solubilized in ethanol and water with 5% dextrose was used.
Ethanol may affect interleukin-6 (IL-6) and IL-8 concentrations, so we used a formulation without ethanol in protocol 1 to avoid this possible confounding effect. We altered the time of clarithromycin therapy initiation in protocol 1 (we started therapy at 12 h, instead of 24 h) to begin the clarithromycin at an earlier point in the inflammation cascade prior to the peak inflammation to see if this altered our findings.
For each protocol, placebo groups received the same treatment regimens with identical solutions not containing clarithromycin. Clarithromycin and placebo treatment groups each contained four to eight mice per time point.
Sample collection. Samples were taken from the mice at various points during clarithromycin treatment. Mice were anesthetized with an intraperitoneal injection of 75 mg of ketamine per kg and 5 mg of acepromazine per kg before cardiac puncture. BAL specimens were obtained by infusing 0.5 ml of SP4 broth through a 25-gauge needle into the lungs, via the trachea, followed by aspiration of this fluid into a syringe. Whole-lung specimens (including the trachea and both lungs) were collected and fixed with a 10% buffered formalin solution for histologic evaluation.
Culture. Twenty-five microliters of undiluted sample and serial 10-fold dilutions of BAL fluid in SP4 broth (50 l of undiluted sample was used for the initial dilution) were immediately cultured on SP4 agar plates at 37°C, while the remaining undiluted BAL specimens were stored at Ϫ80°C. Quantification was performed by counting colonies on plated specimens and expressed as log 10 CFU per milliliter. If the plated dilutions were negative for growth, but the corresponding 10 Ϫ1 broth dilution was positive, the specimen was assigned a value of 20 CFU/ml, the lower limit of detection.
Histopathology. The histopathologic score (HPS) was determined by a single pathologist who was unaware of the treatment status of the animals from which specimens were taken. The HPS was based on grading peribronchiolar or bronchial infiltrate, bronchiolar or bronchial luminal exudate, perivascular infiltrate, and parenchymal pneumonia (neutrophilic alveolar infiltrate). This HPS system assigned values from 0 to 26 (the greater the score, the greater the inflammatory changes in the lung) (1). In our experience, the extent of variation in HPS when the same slide is scored by the same pathologist multiple times has been found to be 0 to 1.
Plethysmography. Whole-body, unrestrained plethysmography (Buxco, Troy, N.Y.) was utilized to monitor the respiratory dynamics of mice in a quantitative manner before and after methacholine exposure (baseline plethysmography shows airway obstruction; methacholine plethysmography shows airway hyperreactivity). Prior to methacholine exposure, mice were allowed to acclimate to the chamber, and then plethysmograph readings were recorded to establish baseline values. Next, the mice were exposed to aerosolized methacholine (50 mg/ml); after exposure, plethysmograph readings were recorded. Methacholine plethysmography was performed only in the 4-day treatment groups (protocol 1). Enhanced pause (Penh) is a dimensionless value that represents a function of the ratio of peak expiratory flow to peak inspiratory flow and a function of the timing of expiration. Penh correlates with pulmonary airflow resistance or obstruction. Penh as measured by plethysmography has been previously validated in animal models of airway hyperresponsiveness (5, 6, 15, 18) .
BAL cytokines and chemokines. The concentrations of cytokines and chemokines in BAL specimens were assessed in an enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, Minn.). The cytokines and chemokines examined and their limits of detection were as follows: tumor necrosis factor alpha (TNF-␣), 5.1 pg/ml; gamma interferon (IFN-␥), 9.4 pg/ml; IL-6, 3.1 pg/ml; mouse KC (functional IL-8), 2.0 pg/ml; IL-10, 15.6 pg/ml; JE/MCP-1, 1 to 2.0 pg/ml; and MIP-1␣, 1.5 pg/ml.
Statistics. The t test was used to compare indices of groups of animals treated with clarithromycin versus placebo at the same time point, if the data were normally distributed. In the instances where the data were not normally distributed, the Mann-Whitney rank sum test was used for comparisons. A comparison was considered statistically significant if the P value was Յ0.05. BAL culture. Quantitative M. pneumoniae BAL cultures in mice given live M. pneumoniae were significantly reduced by both the 4-day and 13-day clarithromycin treatment regimens compared with placebo treatment (Fig. 1 and 2 ). Despite these significant reductions, M. pneumoniae was not eradicated from the animals' airway. There was no significant difference in the number of M. pneumoniae in BAL cultures grown from samples taken 8 days after mice had received clarithromycin for 13 days compared with cultures from the placebo group (Fig. 2) .
Histopathology. HPSs in mice inoculated with live M. pneumoniae were significantly reduced by both the 4-day and 13-day clarithromycin treatment regimens compared with placebo treatment ( Fig. 1 and 2) . In contrast to BAL cultures, HPSs assessed 8 days after 13 days of clarithromycin therapy revealed a significant reduction compared with the placebo group (Fig.  2) . In mice inoculated with UV-killed M. pneumoniae, clarithromycin did not reduce HPS compared with placebo.
Plethysmography. Airway obstruction, as measured by baseline Penh, in mice inoculated with live M. pneumoniae was significantly reduced by both clarithromycin treatment regimens compared with placebo treatment ( Fig. 1 and 2) . In mice inoculated with UV-killed M. pneumoniae, clarithromycin did not reduce baseline Penh compared with placebo.
Penh after methacholine exposure in mice inoculated with live M. pneumoniae was significantly reduced after only one dose of clarithromycin compared with placebo (mean Penh of 6.8 for the placebo group versus 4.6 for the clarithromycin group [P ϭ 0.04]). Penh after methacholine exposure in mice given UV-killed M. pneumoniae was significantly increased after only two doses of clarithromycin compared with placebo (mean Penh of 2.6 for placebo versus 4.3 for clarithromycin [P ϭ 0.05]).
BAL cytokines and chemokines. In mice infected with live M. pneumoniae that received the 4-day clarithromycin regimen, concentrations of TNF-␣, IFN-␥, IL-6, KC (functional mouse IL-8), JE/MCP-1, and MIP-1␣ in BAL cultures were significantly decreased from those of the placebo group (Fig. 3) ; IL-10 was not affected.
In cultures of BAL specimens from mice infected with live M. pneumoniae that received the 13-day clarithromycin regimen, the concentrations of IFN-␥ decreased after only one dose of clarithromycin compared with placebo (median concentration of 34.1 pg/ml for placebo group versus 9.5 pg/ml for clarithromycin treatment group [P ϭ 0.046]), IL-6 decreased after only three doses (mean concentration of 8.8 pg/ml for placebo group versus 5.9 pg/ml for clarithromycin group [P ϭ 0.006]), KC (functional mouse IL-8) decreased after only three doses (mean concentration of 486.9 pg/ml for placebo group versus 21.3 pg/ml for clarithromycin group [P ϭ 0.002]), and JE/MCP-1 decreased after only three doses (median concentration of 165.8 pg/ml for placebo group versus 7.0 pg/ml for clarithromycin group [P ϭ 0.008]) and six doses (median concentration of 12.6 pg/ml for placebo group versus 5.2 pg/ml for clarithromycin group [P ϭ 0.02]); TNF-␣, IL-10, and MIP-1␣ were not measured in this group. BAL cultures compared with the placebo treatment group; BAL IL-6 concentrations were significantly higher for the 4-day clarithromycin group than for the placebo group (Fig. 4) .
We have previously shown that SP4 control mice consis- on October 14, 2017 by guest http://aac.asm.org/ tently have a lung HPS of zero (no inflammation observed), and the cytokine values for BAL specimens from SP4 control mice are significantly lower than those in mice given live or UV-killed M. pneumoniae (8) .
DISCUSSION
We utilized two similar models of pulmonary inflammation to demonstrate the antimycoplasmal activity of clarithromycin and distinguish this from its hypothesized immunologic activity. One model utilized viable M. pneumoniae, and the other model utilized UV-killed M. pneumoniae. Clarithromycin therapy resulted in significant improvement in microbiologic, histologic, respiratory, and immunologic markers of disease severity in the mice inoculated with live M. pneumoniae; this improvement was not noted in the mice inoculated with UVkilled M. pneumoniae. These results suggest that the changes in inflammatory and functional parameters with clarithromycin therapy in the live M. pneumoniae model were likely a consequence of the antimicrobial activity of clarithromycin and not an independent immunologic mechanism. These results raise the question of whether the benefits observed with macrolide administration during chronic respiratory tract conditions, such as diffuse panbronchiolitis, asthma, chronic obstructive pulmonary disease, and sinusitis, are due to the treatment of an unrecognized chronic pathogen, a decrease in the background flora, or an immunologic mechanism.
Clarithromycin therapy had a broad and significant effect on pulmonary cytokine production in the live M. pneumoniae model with reductions in proinflammatory, TH1, TH2, and chemotactic cytokines. However, IL-10 (an anti-inflammatory cytokine) was not affected by clarithromycin in the live M. pneumoniae model. The noted changes in pulmonary cytokines and the associated improvement in pulmonary histopathology provide further insight into the immunopathogenesis of M. pneumoniae respiratory infection and suggest that these cytokines play a significant role in orchestrating the lung inflammatory response.
These results also raise the question of what aspect of M. pneumoniae pathogenesis induces a pulmonary immune response that can be suppressed by an antimicrobial agent. It is noteworthy that there was a significant difference in the HPS in the mice infected with live M. pneumoniae eight days after clarithromycin therapy was stopped, while there was no difference in the microbiologic outcome (quantitative M. pneumoniae BAL cultures) at this time. It is known that M. pneumoniae persists in the human respiratory tract after the resolution of acute symptoms, with or without appropriate antibiotic therapy (2, 4, 16) . The significance of the chronic persistence of this pathogen in the airway after the resolution of acute symptoms is not well defined, but it is hypothesized to play a role in chronic respiratory conditions (7), such as asthma.
It is possible that a higher dosage or longer treatment time of clarithromycin therapy may be required to demonstrate an independent immunologic effect of clarithromycin. We did not determine clarithromycin pharmacokinetics in the model. A clarithromycin dose of 25 mg/kg administered subcutaneously in mice has been shown to yield peak serum drug concentrations in mice similar to those attained with doses of 250 to 500 mg of oral clarithromycin in adult humans (3) (http://www.pdr .net). The area under the curve (AUC) of this dose in mice has been shown to be 3.4 g ⅐ h/ml with approximately 55% protein binding compared with an AUC of approximately 38 to 44 g · h/ml with 70% protein binding in humans given 500 mg of clarithromycin orally twice a day [BID] (3, 12, 17; Carol A. Olson [Abbott Laboratories, Chicago, Ill.], personal communication). Thus, while the peak clarithromycin concentrations in serum are in the same range, the AUC of clarithromycin in mice is lower than that found in humans receiving standard clarithromycin doses. Because the half-life of clarithromycin in serum is much shorter in mice than in humans, some investigators have suggested that a higher dose of clarithromycin should be used in murine models to achieve an AUC similar to that seen in humans given 500 mg orally BID. However, this dose would yield peak serum drug concentrations in mice considerably higher than those seen in adult humans given 500 mg orally BID (17) . The pharmacodynamic index of clarithromycin that determines the antimicrobial activity may not be the same as that which determines the proposed immunomodulatory activity of the drug. The relative importance of clarithromycin concentrations in tissues, such as the lung, compared with concentrations in serum will also need to be considered in this regard.
Additionally, although the two models are qualitatively similar in terms of pulmonary inflammation, the live M. pneumoniae model does have an increased level of pulmonary inflammation in terms of HPS, cytokines and chemokines, and plethysmography indices (8) . This difference may have led to a blunted immunomodulatory response with clarithromycin therapy in the UV-killed M. pneumoniae model compared with the live M. pneumoniae model. Future studies with respiratory pathogens other than M. pneumoniae will be required to further characterize the multifaceted activities of clarithromycin in infections of the respiratory tract.
The models utilized in this investigation present a novel approach to assess both the antimycoplasmal activity and immunologic activity of new therapeutic agents. In addition, unrestrained whole-body plethysmography provides useful physiologic indices to access pulmonary function as an outcome of therapy for models of respiratory infections.
